In this study composite powders of WC and Ni/Fe/Cr were prepared in an innovative way, which consists of the sputter-deposition of the metallic binder onto the tungsten carbide particles. Compacts of coated powders were sintered by conventional vacuum sintering followed by hot isostatic pressing (HIP) to reach almost full densities. In order to evaluate the mechanical properties of reduced specimens size (microcomponents), depth-sensing indentation equipment was used. This method enabled the evaluation of the hardness, H, Young's modulus, E, and the yield stress, r y , in a non-destructive way, using only one sample. For the composites of sputter-coated WCNi/Fe/Cr the results showed an effective reduction of H and E due to the properties of Ni and the binder characteristics of the coated powders, such as uniform distribution and nanometer structure.
Introduction
Hard metal has been industrially produced since the 1920s and nowadays represents more than 40% of the cutting tool market [1] . Due to their technological importance these composites of WC, which are formed using a transition metal binder, usually cobalt but to a lesser extent iron or nickel, have been subject to a great deal of investigation in order to optimize the compositions and the processing leading to the highest mechanical properties [2] [3] [4] [5] [6] [7] . During the last few decades, the deployment of cobalt natural resources and the increasing demands on material performance has directed the research mainly towards the search and optimization of new binder compositions and the development of specific coatings to improve the useful properties [8, 9] . On the other hand, the industrial processing of these composites has made very little difference, although new emerging technologies for powder metallurgy are currently being researched with a view to industrial implementation [10] [11] [12] .
In this study, an innovative method of preparing composite powders was used, consisting of the sputtering of the metallic binder onto the WC particles. The coated powders resulting from this technique show a very high uniformity of binder distribution associated with a nanocrystalline structure. The surface properties of the particles are changed, increasing the powder's flowability, pressing behaviour and sinterability in such a way that easier powder processing can be adopted [13] [14] [15] [16] [17] . One of the benefits comes from the possibility of shaping without a pressing binder, therefore eliminating the long milling step used in the conventional hard metal processing to add the binder and to prepare the composite powders, and also the subsequent drying of the slurry and the burnout of the pressing binder. Moreover, due to the high uniformity of the binder's distribution and its nanometer structure, liquid phase sintering is more efficient, leading to high density compacts at lower temperatures [15] [16] [17] . Additionally, by eliminating the milling and the pressing binder burnout steps, the processing is moving towards a cleaner technology with environmental and health benefits.
Weighing up the benefits of the low binder content needed to coat the particle surfaces using this technique (i.e. for WC particles with 2-10 lm, $4 wt.% of stainless steel AISI 304, will be enough for a complete particle coverage [13] [14] [15] [16] [17] [18] ) together with the high sinterability of the sputtered powders against the relatively high cost of the sputtering step, points to the benefits of this methodology: an innovative technological process with interesting prospects in the production of powders with low binder content for high hardness applications.
Previous studies were dedicated to the study and optimization of the surface characteristics in sputtered powders and consequences on the powder processing [13] [14] [15] [16] [17] [18] . In this study, composites of WC and low Ni/Fe/Cr binder content (4-7 wt.%) were prepared using both the sputtering technique and the standard conventional mixture, in order to highlight the role of sputter coating powders on the mechanical properties.
A novel method was used in order to get the best possible measurements of mechanical characteristics using only one test -depth-sensing indentation. This methodology is particularly appropriate for the characterization of materials prepared on a laboratorial scale with equipment that often limits the amount and the size of the samples, as was the case here. This is a problem that researchers have to face frequently. The reverse analysis method has been successfully applied to characterize single phase materials [19] but had not previously been tested in multi-phase, composite materials. This method was therefore first applied to a commercial WC-Co sample, whose mechanical characteristics had been characterized in previous studies, before it was used to measure the mechanical properties of the coated and conventionally prepared WC-Ni rich binder samples.
Experimental procedure
The starting powder was fully carburized WC (H.C. Starck, HCST-Germany) with a particle size of 2-10 lm. The WC powder particles were coated with Ni/Fe/Cr binders using modified d.c. magnetron sputtering equipment and previously selected deposition parameters, which are described elsewhere [14] . Two coated powders, C-WC1 and C-WC2, with different binder contents (<8 wt.%) were investigated. For comparison a conventional mixture of nickel (Goodfellow NI006021/11), iron (Goodfellow FE006020) and chromium (Goodfellow CR006021/22) powders was performed with the uncoated WC powder and 1.5 wt.% of paraffin wax, named M-WC.
Pellets of $10 mm diameter were subjected to cold isostatic pressing (CIP), at a maximum pressure of $330 MPa. The compacts underwent conventional vacuum sintering to a maximum temperature of 1510°C, for 1 h, at a pressure of 20 Pa. To simplify the experimental procedure, the same sintering cycle was used for coated and conventionally prepared powders, although higher densifications are attained for coated powders, due to their higher reactivity. Finally, to attain almost complete densification, the pre-sintered samples were submitted to hot isostatic pressing (HIP) at 1550°C, for 2 h at a pressure of 30 MPa. For each composition a set of 4-6 samples were sintered.
The density of the sintered samples was determined using the Archimedes' method. Phase identification was performed by X-ray diffraction (XRD, Rigaku PMG-VH). Optical microscopy (Zeiss, Jenaphot 2000) and scanning electron microscopy (SEM, Hitachi-S4100) were used to characterize the microstructure of polished surfaces chemically etched with Murakami's reagent, 1 for 2 min, to reveal the grain boundaries. WC average grain size and size distribution were measured using the linear intercept method [20] on the SEM micrographs. Random straight lines were drawn across the micrographs and the length of the intercepts with the WC grains were measured and averaged (at least 300 intercepts per sample were used). Fullman's formula was applied to transform the twodimensional mean intercept, l, into a three-dimensional mean grain size, G, using a transformation factor of 1.5 [20] . The contiguity, C, was also determined using nearly 100 measurements from the optical micrographs and applying the following equation, with the assumption of a Gaussian grain size distribution [21] :
where V b is the volume fraction of binder and V is the coefficient of variation of WC grain size distribution (V ¼ r WC = G WC where r WC is the standard deviation and G WC is the mean carbide grain size).
The chemical characterization of the sintered samples was obtained using an electron microprobe (EMPA-SX50, Cameca) and the final carbon content was determined by automatic direct combustion (LECO CS 200 IH).
The hard metal samples were mechanically characterized using depth-sensing indentation equipment (Fischerscope H100). In order to obtain representative average values for the evaluated properties, 75 tests were performed on different surface points of each samples per set. In each test the load was increased in steps, from the first load of 0.4 mN until a nominal load of 500 mN. Sixty steps were used for both loading and unloading, with a 0.5 s delay between each step. Two creep periods of 30 s were performed during the tests: at the maximum load and at the lowest load. The values of the 75 tests performed on each sample were used for the direct determination of the hardness, H, and calculation of the Young's modulus, E, and of the compressive rupture strength, r r . In order to evaluate the effectiveness of this method, a commercial sample of WC-Co with 4 wt.% of binder was first characterized. Additionally, the hardness of this standard sample was also measured using Vickers hardness tester (Zwick/Roell ZHU) with a load of 293 N and dwell time of 15 s, and the dynamic Young's modulus, E, was yet determined by the impulse excitation vibration method at room temperature using a sample of dimensions 50 Â 12 Â 1.5 mm 3 . The fracture toughness, K c , was determined in WC-Ni/ Fe/Cr composites from the measurements of the Palmqvist radial cracks at the corners of Vickers hardness indentations (load, 98 N), using the formula [22] :
where H is the hardness and W = P/L T , P is the applied load and L T the total length of cracks.
Results and discussion

Chemical and morphological characterization
The composites of WC-Ni/Fe/Cr prepared by conventional mixing (M-WC) and by sputter-deposition (C-WC) had final metal amounts that varied between 4 and 7 wt.% ( Table 1 ). The chemical characterization of the binder was performed by EPMA analysis after sintering (Table 1) . Ni is present in the highest percentage for all the compositions, followed by Fe. Cr is a minor composition, not exceeding 7 wt.% of the total binder amount, in any case. Moreover, the Fe and Cr amounts are near constant for the three samples. The final binder amount (Table  1) was calculated as the summation of Ni, Fe and Cr contents in each samples set. No significant carbon losses have been found in final compositions, as described by LECO analysis ( Table 1) .
The XRD patterns in Fig. 1 show that hexagonal WC and f.c.c. rich Ni phases are the phases identified in coated and conventionally prepared composites; graphite and gphases were not discernible. The Fe and Cr elements appeared to be in solid solution in the Ni phase.
High apparent density values, q app , were attained after sintering ( Table 2 ). The correspondent relative densities, q r , vary from $94% to $99%, considering the theoretical density, q th , calculated by the mixing rule where q th = 15.63 g cm À3 for WC and q th = 8.9 g cm À3 for f.c.c. Ni (the effect of Fe and Cr on the density was neglected). The highest q r value (99%) was attained for the coated powder with 6 wt.% of binder (C-WC2), whereas the densification of the conventionally prepared powder (M-WC), with an equivalent amount of binder, showed the lowest value, q r $ 94%. For the coated powders, even 4 wt.% of binder (C-WC1, Table 2 ) was enough to attain high densification, q r $ 97%. These results demonstrate the improvement of the sinterability in sputtered-coated powders, already reported in previous studies [14] [15] [16] [17] , showing that it is possible to achieve higher density materials than those conventionally prepared, using lower binder content.
The microstructures of the samples were observed by optical and SEM microscopy, in Figs. 2 and 3, respectively. The optical microstructures of the samples C-WC2 and M-WC, presented in Fig. 2 , show that the microstructures of WC grains and the binder phase have greater tonal variation under optical observation than under the correspon- Table 1 Final binder elements and carbon percentages dent SEM analysis (Fig. 3) : the WC phase has a darker grey and the binder phase a grey colour. The binder phase is spread between the WC grains since it constituted a viscous phase at the sintering temperatures. In Fig. 2a C-WC2 shows a microstructure without significant heterogeneities of binder distribution, while for the M-WC sample (Fig. 2b) , a lower uniformity of the binder distribution is detected, showing an accumulation of the binder phase in some well dispersed regions. They can attain higher dimensions than the WC grains (0.6-6 lm) as shown in Fig. 2b where a large binder area of $9 Â 9 lm 2 can be discernible. The even distribution of the binder phase in the sputtercoated samples is really expected, due to the high initial uniformity of binder distribution, while the lower chemical homogeneity observed in the conventional prepared compacts is commonly observed, as a result of insufficient mixing conditions, powder agglomeration and scale effects [23, 24] . q app , apparent density; q th , theoretical density; q r , relative density; D, initial particle size; G, grain size; G, mean grain size; C, contiguity. The SEM microstructures (Fig. 3) show polyhedral WC grains and a darker intergranular phase, corresponding to the rich Ni phase. The samples prepared from coated powders (C-WC1 and C-WC2) present very similar microstructures with coarser grains than the one prepared from mixed powders (M-WC). The values for the average grain size measured from the SEM micrographs are presented in Table 1 , together with the range of particle/grain size before and after sintering. It can be observed that the grain size width in the sintered samples of coated powders is correspondent to the original particle size width, which means that no appreciable growth of the particle size occurred during sintering. The inhibition of particle growth during the sintering of the sputtered-coated powders has previously been reported and attributed to the highly uniform binder distribution attained in the sputtering process [14] [15] [16] [17] . The correspondent results for the M-WC compact show that the ranges of initial particle sizes develop to higher values, which is indicative of particle coarsening during sintering. Thus, the larger C-WC grain size did not originate during the sintering process but came from differences in the powder particle size distribution of the coated and mixed powders, as shown in Table 1 . Although the same WC powder was used as starting material for both processes, the mixing step used in the conventional preparation tends to desagregate some particles, resulting in a finer powder and a finer sintered compact.
Test of the depth-sensing indentation method in a WCCo composite material
In order to test the values of the mechanical properties determined by the depth-sensing indentation in multi-phase materials, a commercial WC-4%Co sample was used as standard. The optical microstructure of the polished and etched surface is shown in Fig. 4 . The standard sample is characterized by a fine microstructure with almost no pores and an average grain size of $2 lm (Table 3) . Ultra-microhardness equipment was used to calculate the hardness and the Young's modulus, E, of the sample, using Eq. (3), taking m = 0.22 for WC-4wt.%Co [25] . The following equation was proposed for determining the reduced Young's modulus [26, 27] :
where C t and C f are the total compliance of the system and the frame compliance, respectively, and A c is the contact area. In this equation, E r , is the reduced Young's modulus, which is a function of the Young's modulus and the Poisson's ratio, m, of the specimen (s) and the indenter (i), through:
In recent years, efforts have been made to establish a reverse analysis algorithm for the evaluation of the plastic mechanical properties of materials. The principal developments in this area of investigation are related to the application of the finite element method to obtain dimensionless functions that relate the characteristic parameters of indentation loading-unloading curves to the mechanical properties obtained from the stress-strain curves [28] . Recently, a straightforward reverse analysis approach was proposed [19] , which avoids the use of dimensionless functions. In a simplified description, this approach, which was used in the current investigation, consists of a direct comparison between experimental and numerical simulation indentation curves, in order to determine the yield stress, r y , and the strain hardening coefficient, n, of the material. The Swift law was used in numerical simulations to describe the plastic behaviour:
where e is the plastic strain and K is a material parameter: K = r y / e 0 n (e 0 is a constant, assumed as 0.005). The calculated values of r y can thus be envisaged using this method and considering e = 0.042 (Fig. 5) . The results are shown in Table 3 , together with those resulting from conventional tests 2 done in this study and reported in the literature for specimens with similar chemical and physical characteristics [25, 29, 30] . The value obtained for the Young's modulus, E, by the depth-sensing indentation is equivalent to the one determined by dynamic excitation in this work, Table 3. A very strong agreement is also observed with those reported in the literature in Table 3 . The ultra-microhardness value determined by the depth-sensing method is not directly comparable with the HV30 values due to the large difference in the magnitude of the indentation loads, 500 mN in the first method and 300 N in HV30 tests. Even so, it can be said that the determined value (H = 22 GPa) concurs with the HV30 (H = 18.3 GPa), being of the same order of magnitude but somewhat higher, as expected from the lower indentation load used. The yield compressive strength, r y , using depth-sensing indentation, show very strong agreement with those resulting from conventional tests in the literature, Table 3 . The hardening coefficient was very low, n = 0.02, characteristic of brittle materials.
The good match between the previous values of the mechanical parameters determined by local depth-sensing tests in the WC-Co sample and those from macroscopic measurements is strongly indicative that the depth-sensing test can be used in homogeneous and fine size multiphase materials, since a representative indentation area was analysed overall. The number of tests needed to attain a representative indentation area in multiphase materials is dependent on microstructural characteristics, such as phase distribution and grain size. Increasing the degree of chemical homogeneity of the composite by increasing the uniformity of the phase distribution and the fineness of the microstructure will decrease the size of the representative area and, therefore, the number of measurements needed. In the case of the WC-Co standard, with fine microstructure (G = 1.9 lm, smaller than the diagonal of each indentation, $8.4 lm, load = 500 mN), the conditions of a representative area were clearly fulfilled and a good match with the measurements made by the classical methods of mechanical characterization could be found.
Thus, it can be concluded that the applied method of depth-sensing indentation for the calculation of mechanical properties by depth-sensitive equipment, allows different mechanical characteristics used in material science/ mechanical engineering to be evaluated with precision.
Mechanical characterization
The mechanical characterization was carried out using depth-sensing indentation and Palmqvist toughness tests. Comparing the mechanical properties of the samples prepared by sputter-deposition (C-WC) and conventional wet milling (M-WC), (Table 4) , with the correspondent properties of a WC-Co standard sample with equivalent amounts of binder (Table 3) , the general trend points to lower values of hardness, H, Young's modulus, E, and yield strength, r y , of the sputter-deposited samples (C-WC). On the other hand, M-WC has only slightly different property values compared to the standard sample, due to similar microstructures but associated with the slight difference in mechanical properties between Ni rich binder and Co.
For the samples prepared from coated powders C-WC1 and C-WC2, the mechanical properties are almost unaffected by the variation of the composition (Table 1) , reflecting identical microstructures; high uniformity in the binder distribution and similar relative densities and grain size distributions ( Fig. 3a and b and Table 2 ). In fact, the microstructure of cemented carbide is characterized by various parameters; phase volume fraction of carbide and binder, homogeneity, grain size, and degree of contact between individual grains, i.e. contiguity [31] . The only difference in these parameters for C-WC1 and C-WC2 is the binder content (Ni amount). The property that could be most affected by this difference must be the Young's modulus, but for the samples under analysis, the divergent values are included within the experimental error.
Comparing the properties of the samples prepared from coated powders (C-WC) with those of the conventionally prepared one (M-WC), the most significant deviation is in the Young's modulus values, E, where the M-WC composite has the highest value, despite the fact that it contains the highest Ni and total binder content, Table 1 . The difference attained cannot be included in Voigt-Reuss bounds [32] , E Reuss -E Voigt (calculated assuming the E value of Ni), as shown in Table 4 . The differences between the values of C-WC and M-WC Young's modulus cannot be attributed directly to the lower grain size of M-WC, as for the light differences of the other properties evaluated. E is very sensitive to extrinsic factors such as binder distribution. The higher the grain size the lower the specific surface, thus binder distribution may not be so efficient. However, the contiguity values ( [33] . The preparation of nickel-tungsten bimetallic carbides was investigated and the results pointed to the formation of bimetallic carbides, where Ni enters in the tungsten carbide lattice in a metallic state without forming bonds with carbon [34] . Due to the formation of this type of solid solution a decrease of the carbide Young's modulus proportional to the Ni content will be expected. Thus the solid solution effect of Ni in WC and its effect on the Young's modulus could not be ignored in the sintered WC and Ni. Reporting to our results, during the powders' preparation stage or sintering process the Ni may diffuse more efficiently in coated powders than in traditional prepared ones, due to sputtering deposition conditions and to the nanocrystalline character of the Ni binder. Forthcoming studies will be performed in order to investigate the diffusion of sputtered Ni on WC surfaces. In addition, after sintering the Ni rich binder achieves a preferential orientation (2 0 0) that also contributes to a decrease in its Young modulus bearing in mind the polycrystalline value.
Palmqvist toughness testing [22] was performed using the cracks that appeared at the corners of Vickers indentations (load = 98 N). This technique was successfully used because the contents of nickel are low. The values for the fracture toughness, K C , (Table 4) are very close for the three samples, although a slightly higher value was evaluated for the conventional WC sample (M-WC) as a direct consequence of the grain size differences.
Conclusions
Using this method of depth-sensing indentation for the calculation of mechanical properties in compressive strength is an interesting alternative to the conventional methods of mechanical characterization for composite materials, as it enables several properties to be determined from a reduced size sample. The characteristics obtained for a standard WC-Co sample using this method are very close to the published results of macroscopic characterizations for the determined values of hardness, H, Young's modulus, E, and yield stress, r y .
The depth-sensing local characterization of sintered WC-Ni/Fe/Cr coated powders showed that lower values of E than those found in similar sintered conventional powders cannot be attributed to differences in grain size as for H and r y . The high binder uniformity and the nanometer-sized coating achieved by the sputter-deposition process is not the principal cause for the lowest values of E. The decrease in E may have its origin in Ni diffusion into WC powders during the sputtering, which is enhanced during the sintering process. However, a preferential orientation could also have a role in E values, contributing to their decrease. It is suggested that lower amounts of ductile binder will be needed to obtain convenient ductile properties in the composites prepared from sputtered powders, than when a conventional mixing process is used. 
